Sexually dimorphic morphological traits are among the fastest evolving animal features. 19
Introduction 44 45
Most animals are sexually dimorphic. Perhaps the most fascinating feature of sexual 46 dimorphism is the rapid evolutionary turnover of sex-specific traits. Even among close relatives, the characters that distinguish males from females vary greatly from species to 48 species. This simple observation implies that new sexual characters are gained, and 49 ancestral ones are often lost, during the evolution of many if not most animal lineages. 50
Understanding the genetic and developmental basis of this turnover is necessary to shed 51 light on one of the most important drivers of biological diversity. Examples where similar 52 traits have evolved multiple times are of particular value, as they often provide insights 53 into the general patterns and mechanisms of evolution (Kopp 2009 ). 54
Most higher Diptera mate with the male on top of the female, and the male front 55 (T1) legs are often involved in grasping or stimulating the female (Huber et al., 2007; 56 McAlpine, 1981) . Perhaps for this reason, male-specific ornaments or grasping structures 57 are found on the T1 legs of many dipteran species (Daugeron et al., 2011; Eberhard, 2001 ; 58 Ingram et al., 2008; Sivinski, 1997) . In Drosophilidae, the most obvious male-specific leg 59 modifications include the sex combs found in the Drosophila melanogaster and obscura 60 species groups and in the genus Lordiphosa (Katoh et al., 2018; Kopp, 2011) ; branched or 61 spoon-shaped tarsi of some Hawaiian Drosophila species (Hardy, 1965; Stark and O'Grady, 62 2009); and tarsal brushes that are the focus of this study (Figure 1 ). Sex brushes are found 63 in at least four separate groups within the Drosophilidae: the Drosophila immigrans species 64 group, the loiciana species complex, D. repletoides, and the genus Zaprionus. Due to 65 uncertain relationships among these lineages, the evolutionary origin(s) of this structure 66 remain unclear. 67
In the immigrans group, male sex brushes are found in some but not all of the 68 species; the most likely scenario is that the brush was present in the last common ancestor 69 of this clade, but was secondarily lost in the nasuta subgroup and greatly reduced in several 70 other species (Rice et al., 2018) . In Zaprionus, male brushes are present in most African 71 species, with the exception of Z. neglectus, Z. spineus, and Z. spinosus (Tsacas and 72 Chassagnard, 1990; Yassin et al., 2008; . The Zaprionus phylogeny 73 is not fully resolved, but the distant relationship between the first species and the last two 74 suggests that their lack of brushes is likely to reflect independent secondary losses. The 75 situation is more complicated among species assigned to the Oriental Anaprionus subgenus 76 of Zaprionus. Many of its members, including Z. lineosus, Z. spinilineosus, Z. orissaensis, Z. 77 multistriatus, Z. grandis, and Z. aungsani, lack leg brushes (Gupta, 1972; Kikkawa and Peng, 78 1938; Okada and Carson, 1983; Wynn and Toda, 1988) . However, Anaprionus is now 79 thought to be polyphyletic (Yassin, 2007; , and these species appear to 80 be more closely related to the genus Xenophorticella than to Zaprionus sensu stricto (M. 81 Toda, pers. comm.). Other Anaprionus species such as Z. bogoriensis, Z. obscuricornis, and Z. 82 pyinoolwinensis have leg brushes (Mainx, 1958; Okada, 1964; Wynn and Toda, 1988) and 83 likely form a clade with the Afrotropical Zaprionus (M. Toda, pers. comm.). Thus, the leg 84 brush has evolved either at or near the base of Zaprionus. 85 D. pruinosa belongs to the loiciana species complex, which also includes D. loiciana, 86 D. allochroa, D. pachneissa, D. semipruinosa, and D. xanthochroa. All of these species have 87 male leg brushes of different sizes (Tsacas, 2002; Tsacas and Chassagnard, 2000) . The 88 fourth lineage where a male leg brush is found consists of a single species, D. repletoides, 89 which does not have any known close relatives; a species described originally as D. 90 tumiditarsus (Tan et al., 1949) was later synonymized with D. repletoides (Hsu, 1943; 91 Wheeler, 1981) . Yassin (Yassin, 2007) suggested that some species currently classified as 92
Zaprionus (Z. multistriatus, Z. flavofasciatus, and Z. cercociliaris) could in fact be more 93 closely related to D. repletoides than to Zaprionus; unfortunately, these species have not 94 been included in any molecular phylogenies. 95
The four clades of interest -Zaprionus, the immigrans species group, D. repletoides, 96 and the loiciana complex -have never been included together in the same molecular 97 phylogeny. Different combinations of these taxa have been examined in several 98 phylogenetic studies, which were based on a small number of loci and produced different 99 but did not support a sister-group relationship between D. sternopleuralis and the 106 immigrans species group. 107
In this study, we used a larger multilocus dataset to test whether the male leg brush 108 evolved independently in each of these four clades, or whether its distribution could be 109 better explained by shared origin in some of these lineages. To facilitate this analysis, we 110 included one or more representatives of each clade, as well as several brush-less species 111 that have been suggested by previous studies to be closely related to the brush-bearing 112 clades. In parallel, we compared the cellular mechanisms that produce the male leg 113 brushes in different species, as well as the role of these ornaments in mating behavior. in Genbank under accession number listed in Table S1 . Additional sequences were 142 obtained from Genbank or extracted from whole-genome assemblies using Blast v2.2.23 143 (Table S1) . 
Male leg brushes evolved independently at least three times 230 231
We sequenced partial coding sequences of eight nuclear, protein-coding loci: acon, 232 eno, glyp, Amyrel, Ddc, Gpdh, Pepck, and Pgm. Separate analyses of each locus produced 233 very poorly resolved trees. We therefore combined the data from all loci (up to 9060 234 nucleotides per species) for a partitioned Bayesian analysis where each locus was allowed 235 to follow its own, empirically estimated substitution model but all loci were constrained to 236 the same tree topology. The resulting tree ( We also note that D. curviceps and D. annulipes appear as sister groups with 100% support, 244 while there is no support for clustering the immigrans species group either with the (D. 245 curviceps + D. annulipes) clade or with D. quadrilineata (see Supplementary text). A strict 246 consensus of 11 trees with the cumulative posterior probability of 95% is not resolved near 247 the base, but does not support a close relationship among the brush-bearing lineages: D. 248 repletoides, the immigrans-pruinosa clade, and Zaprionus ( Figure S1 ). 249
We then examined 27 most probable trees, with the cumulative posterior 250 probability of 99%, to determine the probability of each bipartition of interest to our study. 251
The Zaprionus genus (occasionally together with D. quadrilineata; see below) was placed at 252 the base of the tree, well separated from D. repletoides and the immigrans-pruinosa lineage 253 ( Figure 2A , Table S3 ). D. pruinosa clustered with the immigrans species group, to the 254 exclusion of the (D. sternopleuralis + D. trisetosa) clade, with ~87% probability; the 255 alternative grouping, of D. pruinosa with the (D. sternopleuralis + D. trisetosa) clade to the 256 exclusion of the immigrans species group, was observed with ~13% probability. D. 257
repletoides was grouped with the (D. busckii + D. brachytarsa) clade with 95% probability, 258 and this group was separated from the immigrans-pruinosa lineage by multiple internal 259 branches. In contrast, potential groupings of brush-bearing lineages -for example, of 260
Zaprionus with either D. repletoides or the immigrans-pruinosa clade, or of the repletoides-261 busckii-brachytarsa clade with the immigrans-pruinosa clade -were never observed among 262 this set of probable trees. 263
We noticed that among these 27 probable trees, the position of D. quadrilineata was 264 by far the most unstable. We therefore repeated the analysis after excluding this species. 265
The resulting tree ( Figure 2B , Table S3 ) shows the same relationships as the full analysis 266 ( Figure 2A ), but with stronger support for most basal nodes. This tree, as well as the strict 267 consensus of the 11 most probable trees with the cumulative posterior probability of 99% 268 ( Figure S2 93.8% ± 1.32% across these trees. 274
Finally, we carried out an analysis with a more complicated partitioning scheme, 275
where each locus and each codon position was allowed to follow its own substitution 276 model; this analysis was also performed with and without D. quadrilineata. In both cases, it 277 produced a tree with the same topology as in the simpler partitioning scheme, but with 278 slightly different levels of node support ( Figure S3 , S4 and Table S3 ). In summary, we find 279 substantial though not overwhelming support for a close relationship between D. pruinosa, 280 and by implication the loiciana species complex, and the immigrans species group. 281 However, based on our data, the probability of a close relationship among the different Tanaka et al. 2009 ). This mechanism suggests two potential explanations for the tight 294 packing of brush hairs. One possibility is that the hair progenitor cells are specified with 295 minimal spacing; in this case, the initial spacing between hair cells is expected to be much 296 denser than the spacing of TBR progenitors. Alternatively, hair progenitors may first be 297 specified similarly to TBR bristles, with wide separation by epithelial cells, but expel the 298 epithelial cells (either laterally or basally) at later stages to form a densely packed brush. 299
In principle, independently evolved brushes in different species could utilize different 300 cellular mechanisms to produce adult structures that are essentially indistinguishable. 301
In order to characterize and compare brush development in different species, we 302 used antibodies against membrane-localized proteins to visualize cell arrangement in 303 pupal legs. When labeled with antibodies against the beta-catenin Armadillo (Arm) or the 304 E-cadherin Shotgun (DE-cad), bristle cells can be distinguished from the surrounding 305 epithelial cells by their unique membrane shape (Figure 3 ). We examined brush 306 development at two timepoints: an early stage roughly corresponding to ~16-21 hr AP in D. 307 melanogaster, when the bristle cells of the future TBRs begin to migrate toward each other 308 and expel the intervening epithelial cells, and a later stage when cell migration is 309 completed. We found that at the early stage, most bristle cells in the developing brush are 310 each surrounded by four to six epithelial cells in all species. In effect, the bristle cells are 311 separated from one another by one to two epithelial cells (Figure 3) . At the late stage, this 312 spacing remains virtually invariant, although the cells appear more organized compared to 313 the early stage ( Figure 3 ). We did not see evidence of cell migration in any of the examined 314 species. These observations indicate that despite the packed appearance similar to TBRs, 315 the brush cells are not directly adjacent to each other, are specified at high density, and 316 undergo minimal if any migration during development. Importantly, the cellular 317 mechanism of brush development is very similar in all species. brushes to grab females more anteriorly, near the constriction between the thorax and 339 abdomen (Supplementary movies 1-3) . In the former two species, males also use their T2 340 legs to grab the female mid-abdomen, while in D. repletoides T1, T2 and T3 legs are all used 341 to grab the female so that the male "rides" on the female and is not in contact with the 342 substrate. In all these species, females appear to resist mating attempts more vigorously 343 than in the melanogaster group, using side-to-side bucking and wing vibrations in apparent 344 efforts to dislodge the male, while the males use their legs to resist these efforts. The delay 345 between mounting and attempted copulation is longer in the brush-bearing species, 346 especially in Z. tuberculatus, than in the comb-bearing species; most mountings result in 347 the male being eventually dislodged and do not lead to copulation attempts. 348 A more systematic analysis, including many lineages that lack male-specific leg 349 modifications, will be needed to test whether morphological evolution correlates with the 350 evolution of behavior. At this point, we can only speculate that male leg brushes, which 351 consist of hundreds of thin hairs that are hooked at the tips and have a very large combined 352 surface area, may have evolved to provide a more secure grip of the female abdomen, 353 especially if stronger grip is needed to counteract the female attempts to dislodge the male. loiciana species complex appears less likely than a single origin in a common ancestor of 369 these clades. The proximally curving tips of brush hairs in D. pruinosa and D. immigrans, 370 distinct from the distally curving tips in Zaprionus and D. repletoides (Fig. 1) , are consistent 371 with a close relationship between the immigrans group and the loiciana species complex. 372 Convergent origin of leg brushes in Zaprionus, D. repletoides, and the immigrans-373 loiciana clade is remarkable given the strong structural similarities of these brushes, and 374 especially the fact that the cellular mechanisms that produce them in different species are 375 essentially identical. In all species examined, the bristles that make up the sex brush are 376 specified with only one or two intervening epithelial cells between them. Bristle 377 specification in Drosophila and other insects is governed by a lateral inhibition mechanism, 378 which is based on contact signaling between adjacent cells, and prevents two adjacent cells 379 from both assuming the fate of bristle precursors (Simpson, 1990) sex brush is present. There is no a priori reason to think that the transition between these 468 modes of development is easier in some species than others. 469
The answer may lie instead in either behavior or population genetics. Although 470 males of different species use their sex brushes in at least superficially similar ways, we 471 don't know the female side of the story. If females of different species vary in their 472 responses to male grasping, the evolution of specialized leg structures in males may not be 473 universally favored. This may also explain why both the sex brushes and the sex combs 474 (Kopp, 2011) have been secondarily lost multiple times. Moreover, it is difficult to know 475 whether the female preferences observed today are the same as they were in the distant 476 past when the male-specific structures evolved (Watts et al., 2019) . 477
Alternatively, the origin of a new trait such as the leg brush may require such an 478 unlikely series of genetic changes that it may often fail to occur even in response to strong 479 selective pressure. For example, it is possible that while a single mutation is sufficient to 480 modify or eliminate an existing morphological structure, the origin of a new structure may 481 require simultaneous changes in multiple genes. From the population-genetic perspective, 482 this would mean that functionally novel and positively interacting alleles at multiple loci 483 must segregate in the same population at the same time in order for selection in favor of a 484 new structure to be effective. Naturally, this would greatly reduce the probability of 485 evolutionary innovations compared to other types of phenotypic change. This is of course 486 pure speculation; we do not know why convergent innovations evolve in some lineages but 487 fail to evolve in others. We hope that research models where both the functional roles and 488 the genetic basis of novel traits can be studied in parallel will shed some light on this 489 intriguing question in the future. The immigrans species group and the wider immigrans-tripunctata radiation have long 510 played a pivotal role in Drosophila systematics (Throckmorton, 1975; Yassin, 2013) . 511
However, the composition of the immigrans group has not been entirely clear. Historically, 512 this group was proposed to include five subgroups: immigrans, hypocausta, nasuta, 513 A-E in different analyses can be found in Supplement Table 3 . 
